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ABSTRACT 

The  c h a r a c t e r i s t i c s  of the  a r c  in a d - c  a r c  p l a s m a  g e n e r a t o r  
hav ing  a G e r d i e n - t y p e  e l e c t r o d e  c o n f i g u r a t i o n  a r e  d e s c r i b e d .  
P a r t i c u l a r  e m p h a s i s  is  p l a c e d  on the  j e t  s t r u c t u r e  and i ts  in f lu -  
e n c e  on the  u se  of th i s  type  of g e n e r a t o r  as a r e s e a r c h ,  hot  gas  
s o u r c e .  A c o m p l e t e  exp lana t ion  of the  e x p e r i m e n t a l  m e t h o d s  
u s e d  to d e t e r m i n e  the  t r u e  a r c  c o n f i g u r a t i o n  is  inc luded .  T h e s e  
m e t h o d s  c o n s i s t e d  of p r o b e  studies~ h i g h - s p e e d  p h o t o g r a p h s ,  and 
v a r i o u s  e l e c t r o d e  c o n f i g u r a t i o n  s t u d i e s .  The  i n v e s t i g a t i o n  was 
m a d e  in a low p r e s s u r e  t e s t  ce l l  and at a t m o s p h e r i c  p r e s s u r e .  

The  r e s u l t s  show tha t  at a t m o s p h e r i c  p r e s s u r e  the  o b s e r v e d  
f l a m e  ex i t ing  f r o m  the  g e n e r a t o r  o r i f i c e  is  in r e a l i t y  the  e n v e l o p e  
of m a n y  b lown a r c s .  In the  low p r e s s u r e  t e s t  ce l l ,  the  expanded  
f l a m e  is found to be f r e e  of  t h e s e  blown a r c s ;  i n s t e a d  the  a r c  is 
c o n t a i n e d  in a s m a l l  s e c t i o n  n e a r  the  o r i f i c e  exi t .  
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NOMENCLATURE 

A 

E 

e 

I 

lea 

Ip" 

Ips 

Is 

J 

Jep 

Jes 

k 

N 

Pc 

$ 

T 

Te 

V 

v 

C r o s s - s e c t i o n a l  a rea ,  cm 2 

Work, e rg  

E l e c t r o n i c  charge ,  coulomb 

Cur ren t ,  amp 

P robe  e l ec t ron  cu r ren t ,  amp 

Ion cu r r en t ,  amp 

P robe  ion cu r r en t ,  amp 

P robe  cu r ren t ,  amp 

Cur ren t  densi ty ,  a m p / c m  2 

P l a s m a  c u r r e n t  densi ty ,  a m p / c m  2 

P robe  c u r r e n t  densi ty ,  a m p / c m  2 

Bo l t zmann ' s  cons tant  

Number  dens i ty  of pa r t i c l e s ,  n u m b e r / c m  3 

Tes t  ce l l  p r e s s u r e ,  m m  Hg 

Slope of data curve  

T e m p e r a t u r e ,  °K 

E l e c t r o n  t e m p e r a t u r e ,  °K 

E l e c t r i c  potent ia l ,  volt 

Average  veloci ty ,  c m / s e c  

Mean f r ee  path, cm 
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INTRODUCTION 

l( 

In m a n y  a r e a s  of r e s e a r c h  the  p l a s m a  g e n e r a t o r  hav ing  the  G e r d i e n  
e l e c t r o d e  c o n f i g u r a t i o n  is  u s e d  as  a s o u r c e  of hot  ga s .  The  use  of 
e q u i l i b r i u m  dependen t  s p e c t r o m e t r i c  m e t h o d s ,  e l e c t r i c a l  p r o b e s ,  and 
o t h e r  m e t h o d s  of m e a s u r e m e n t  of the  gas  p r o p e r t i e s  in the  f l a m e  ex i t i n g  
f r o m  th i s  p l a s m a  g e n e r a t o r  ha s  p r o m p t e d  the  a s s u m p t i o n  of e q u i l i b r i u m  
a n d / o r  c u r r e n t  f r e e  cond i t ions  in the  f l a m e .  T h e r e f o r e ,  knowledge  of 
the  t r u e  a r c  and f l a m e  s t r u c t u r e  has  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t .  

A r e s e a r c h  p r o g r a m  into m e t h o d s  of s p e c t r o m e t r i c  m e a s u r e m e n t s  
of the  p r o p e r t i e s  of g a s e s  at  h igh  t e m p e r a t u r e s  at  the  Rocke t  T e s t  
F a c i l i t y  (RTF) ,  Ar no ld  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r ,  A i r  F o r c e  
S y s t e m s  C o m m a n d  (Refs .  1 and 2), r e s u l t e d  in the  d e s i g n  and f a b r i c a -  
t i on  of a p l a s m a  g e n e r a t o r  h av ing  the  G e r d i e n  e l e c t r o d e  c o n f i g u r a t i o n .  
A p p l i c a t i o n  of v a r i o u s  e x p e r i m e n t a l  and m a t h e m a t i c a l  m e t h o d s  (Refs .  2 
and 3) to the  p l a s m a  f l a m e  y i e l d e d  a v e r a g e  gas  t e m p e r a t u r e s  on the  o r d e r  
of 15,000°K. Howeve r ,  a m e t h o d  of s i m p l e  e n e r g y  b a l a n c e  in  the  p l a s m a  
g e n e r a t o r  s y s t e m  i n d i c a t e d  a m a x i m u m  a v e r a g e  gas  t e m p e r a t u r e  on the  
o r d e r  of 6, 000°K. S ince  no e r r o r  could  be found in e i t h e r  me thod ,  a t t e n -  
t i on  was  t u r n e d  to the  a s s u m p t i o n  of t h e r m a l  e q u i l i b r i u m  in the  gas  
s t r e a m .  If  t h e r m a l  e q u i l i b r i u m  does  not e x i s t  in the  ion ized  gas  s t r e a m ,  
a p p l i c a t i o n  of the  s p e c t r o m e t r i c  m e t h o d  is  p r e c l u d e d ,  in tha t  t e m p e r a -  
t u r e  in n o n e q u i l i b r i u m  s y s t e m s  is  not def ined .  [ O t h e r  i n v e s t i g a t o r s  
(Ref s .  4, 5, 6, and 7) have  c o n s i d e r e d  the  p l a s m a  f l a m e  to be an i on i ze d  

in t h e r m a l  e q u i l i b r i u m . ]  g a s  -j  

T h i s  r e p o r t  d e s c r i b e s  a s e r i e s  of e x p e r i m e n t s  d e s i g n e d  to g ive  p o s i -  
t i ve  i n f o r m a t i o n  about  the  e l e c t r i c a l  s t r u c t u r e  of the  j e t  and t h e r e b y  to 
show at  what  cond i t ions  the  p l a s m a  f l a m e  can  be c o n s i d e r e d  to be  in  a 
s t a t e  of t h e r m a l  e q u i l i b r i u m .  I d e n t i c a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  fo r  
the  c a s e  of the  p l a s m a  e x h a u s t i n g  into a t m o s p h e r e  and the  c a s e  of the  
p l a s m a  e x h a u s t i n g  into a low p r e s s u r e  v e s s e l .  The  e x p e r i m e n t s  p e r -  
f o r m e d  a r e  d e s c r i b e d ,  and the  ind iv idua l  r e s u l t s  a r e  p r e s e n t e d .  Some  
g e n e r a l  r e s u l t s  a r e  then  i n f e r r e d  f r o m  the  ind iv idua l  e x p e r i m e n t s .  
F i n a l l y ,  s o m e  c o n c l u s i o n s  a r e  d r awn  c o n c e r n i n g  j e t  e l e c t r i c a l  s t r u c t u r e  
fo r  both the  a t m o s p h e r i c  p l a s m a  f l a m e  and the low p r e s s u r e  je t ,  and an  
i n t e r p r e t a t i o n  c o n c e r n i n g  t h e r m a l  e q u i l i b r i u m  is m a d e .  

B e c a u s e  the  t e r m s  p l a s m a  and a r c  a r e  r e f e r r e d  to t h r o u g h o u t  t h i s  
r e p o r t ,  t h e y  a r e  def ined  h e r e  fo r  p u r p o s e s  of c l a r i f i c a t i o n .  P l a s m a  is  

M a n u s c r i p t  r e l e a s e d  by a u t h o r s  S e p t e m b e r  1961. 
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d e f in ed  as an i on i zed  gas which  is e l e c t r i c a l l y  n e u t r a l ;  tha t  is ,  the  ne t  
e l e c t r i c a l  c h a r g e  is  z e r o .  An a r c  cannot  be so c l e a r l y  de f ined .  How-  
e v e r ,  for  the  p u r p o s e s  of  th is  r e p o r t ,  an a r c  is  c o n s i d e r e d  to c o n s i s t  
of  a conduc t ing  pa th  ( in a gas)  hav ing  a h igh  c u r r e n t  d e n s i t y  and a h igh  
e l e c t r o n  t e m p e r a t u r e .  

DESCRIPTION OF APPARATUS 

PLASMA GENERATOR 

The  p l a s m a  g e n e r a t o r  u s e d  in al l  the  e x p e r i m e n t s  d e s c r i b e d  in th i s  
r e p o r t  e m p l o y e d  the  G e r d i e n - t y p e  e l e c t r o d e  con f igu ra t i on .  The  o p e r a t i n g  
r a n g e  was  f r o m  4 to 50 kw with c h a m b e r  p r e s s u r e  r a n g i n g  f r o m  1 .0  to 
2 .5  a tm.  The  en tha lpy  of the  gas  r a n g e d  f r o m  100 to 1000 c a l / g m .  A 
d e t a i l e d  a n a l y s i s  of  the  o p e r a t i n g  c h a r a c t e r i s t i c s  is g iven  m Ref.  1, and 
a c r o s s - s e c t i o n a l  v iew is shown in Fig .  1. F i g u r e  2 is a p h o t o g r a p h  of 
the  p l a s m a  g e n e r a t o r  and ac tua t ing  m e c h a n i s m .  The  o r i f i c e  e l e c t r o d e  
u s e d  in t h e s e  e x p e r i m e n t s  was  m a d e  of g r a p h i t e ,  and a 1 / 4 - i n .  - d i a m  
o r i f i c e  was  used .  

VACUUM CELL 

The v a c u u m  ce l l  was  d e s i g n e d  and c o n s t r u c t e d  at the  A r n o l d  C e n t e r .  
It is a c y l i n d e r  8 ft long and 3 ft in d i a m e t e r .  The  R T F  e x h a u s t e r  s y s t e m  
(Ref.  8) in c o m b i n a t i o n  wi th  an a i r  e j e c t o r  p r o v i d e s  a ce l l  p r e s s u r e  of  
0 . 2  m m  Hg wi th  z e r o  s e c o n d a r y  flow and wi l l  p r o v i d e  a ce l l  p r e s s u r e  of 
0 .55  m m  Hg du r ing  a typ ica l  run  m a d e  wi th  a s e c o n d a r y  flow f r o m  the  
p l a s m a  je t  of a p p r o x i m a t e l y  5 g m / s e c .  

EXPERIMENTAL APPARATUS AND INSTRUMENTATION 

V a r i o u s  m e a s u r i n g  d e v i c e s  and p r o b e s  w e r e  u s e d  in the  e x p e r i m e n t s .  
The  p r o b e s  a r e  d e s c r i b e d  in the  a p p r o p r i a t e  s e c t i o n s  and a r e  shown  
p i c t o r i a l l y  in Fig .  3. O t h e r  i n s t r u m e n t a t i o n  c o n s i s t e d  of o s c i l l o s c o p e s ,  
p r e c i s i o n  p o t e n t i o m e t e r s ,  m e t e r  shun t s ,  and e l e c t r i c a l  m e t e r s .  

EXPERIMENTAL PROCEDURE AND RESULTS OBTAINED AT 
ATMOSPHERIC PRESSURE 

The  work  on p l a s m a  d i a g n o s t i c s  r e p o r t e d  in Refs .  1, 2, and 3 was  
p e r f o r m e d  wi th  the  p l a s m a  je t  exhaus t i ng  into the  a t m o s p h e r e .  At th i s  

10 
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cond i t i on  the p l a s m a  f l a m e  a p p e a r s  .--____t° the  eye  as a h~h__lly l u m i n o u s  j e t  
~./-2-i~,--tong.;_if_a_w.elding.glass--~ed to v iew the..j.et.L__~.a b.ril-  . . _  

l i an t  cone  about o n e - i n c h  long is s e e n  s u r r o u n d e d  by a s h e a t h  of l e s s  _ 
"l 'u- '~i~us g~_~, .This  j e t  is v e r y  c o n v e ~ i e n - ' f f t - - o ~ t r o m e t r i c  m e a s u r e -  
m e n t s .  H o w e v e r ,  the  d i s c r e p a n c y  b e t w e e n  the  t e m p e r a t u r e  of  the  p l a s m a  
found by the  s p e c t r o m e t r i c  m e t h o d  and by an e n e r g y  b a l a n c e  m e t h o d  gave  
r i s e  to the  s u s p i c i o n  tha t  s o m e  n o n e q u i l i b r i u m  m e c h a n i s m  of e n e r g y  
t r a n s f e r  to the  gas  was  p r e s e n t .  T h e r e f o r e ,  two p o s s i b l e  a r c  m e c h a n i s m s  
wi th in  the  p l a s m a  g e n e r a t o r  w e r e  h y p o t h e s i z e d  and a r e  i l l u s t r a t e d  in 
F i g s .  4a and b. In Fig.  4a the  a rc ,  b e c a u s e  of t he  gas  flow, is b lown 
o u t s i d e  the  o r i f i c e  and f o r m s  s m a l l ,  h igh  c u r r e n t - d e n s i t y  c h a n n e l s  wh ich  
m o v e  about  at a h igh  f r e q u e n c y .  In Fig .  4b the  a r c  a t t a c h e s  i t s e l f  un i -  
f o r m l y  a round  the  i n n e r  pa r t  of the  o r i f i c e ,  and the  gas  p a s s i n g  t h r o u g h  
the  a r c  p r o d u c e s  a c u r r e n t - f r e e  p l a s m a  f l a m e  on the  o u t s i d e  of the  o r i f i c e .  

HIGH SPEED PHOTOGRAPHS 

If a r c  c h a n n e l s  a r e  a s s u m e d  to ex i s t  ou t s i de  the  o r i f i c e ,  h igh  s p e e d  
p h o t o g r a p h s  shou ld  r e v e a l  the  c h a n n e l s  o r  t h e i r  f l uc tua t ions .  T h e r e f o r e ,  
p h o t o g r a p h s  w e r e  t a k e n  at f r a m i n g  s p e e d s  v a r y i n g  f r o m  2.0 x 10 4 fps to 
0 .5  x 10 6 fps.  A s e q u e n c e  of p h o t o g r a p h s  t aken  at th i s  l a t t e r  f r e q u e n c y  
is  shown in Fig .  5. Al though  no de f in i t e  a r c  c h a n n e l s  can  be s e e n  in the  
pho tog raphs ,  it is obvious  tha~t-fluctuatf6n~ in the  j e t  p a t t e r n  did  o c c u r .  
S ince  t he  p h o t o g r a p h s  did not p r o d u c e  r e s u l t s  which  could  be i n t e r p r e t e d ,  
o t h e r  e x p e r i m e n t a l  p r o c e d u r e s  w e r e  n e c e s s a r y  in o r d e r  to  obta in  a b e t t e r  
d e s c r i p t i o n  of the  f l a m e  m e c h a n i s m .  

ELECTRICAL PROBE STUDIES 

Current Probes 

The f i r s t  new a p p r o a c h  was 
the  use  of an e l e c t r i c a l  p r o b e  to 
c h e c k  the  h y p o t h e s i s  i l l u s t r a t e d  
by Fig .  4a. The  s tudy  c o n s i s t e d  of 
m a p p i n g  the  s h a p e  of any c u r r e n t  
pa ths  that  m i g h t  ex i s t  ou t s i de  the  
o r i f i c e  us ing  the  p r o b e  c i r c u i t  
shown in S c h e m a t i c  I. (The p r o b e  
c o n s i s t e d  of a l e n g t h  of  1 / 8 - i n . -  
d i a m  i n s u l a t e d  t u n g s t e n  rod,  
Fig .  3a. ) The  p r o c e d u r e  was  to 

f PLASMA JET (SIMPLIFED) 
b \ \ \ \ \ \ \ ~  / P L A S M A  FLAME 

SCHEMATIC I 

ad jus t  the  dep th  at which  the  p r o b e  was i n s e r t e d  into the  f l a m e  at po in t s  
a long  the  ax is  to ob ta in  a cons t an t  c u r r e n t .  

11 
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The  da ta  f r o m  th i s  e x p e r i m e n t  a r e  shown  in F ig .  6 in t e r m s  of 
c o n s t a n t  p r o b e  c u r r e n t  as  a func t ion  of p robe  pos i t ion .  Spec ia l  no te  
shou ld  be m a d e  of the  s m o o t h  a p p e a r a n c e  of the  plot;  the  b l u n t n e s s  on 
the  end i m p l i e s  the  p o s s i b i l i t y  tha t  th i s  m a y  be the  t u r n i n g  point  of the  
b lown a rc  channe l .  The  m o s t  s i gn i f i c an t  fact  d e t e r m i n e d  f r o m  th i s  
e x p e r i m e n t  was tha t  an a p p r e c i a b l e  c u r r e n t  could  be m a d e  to f low 
t h r o u g h  the  p r o b e  c i r c u i t .  

It was  no ted  that  h i g h e r  c u r r e n t s  cou ld  be d e t e c t e d  n e a r e r  the  
p l a s m a  f l a m e  c e n t e r  by i n s e r t i n g  the  p r o b e  d e e p e r  into the  f l a m e  'and 
that  t he  hea t  t r a n s f e r  to the  p r o b e  was  not su f f i c i en t  to c a u s e  m e l t i n g  
in  t i m e  i n c r e m e n t s  on the  o r d e r  of s e v e r a l  s e c o n d s .  T h e r e f o r e ,  an 
a l t e r n a t e  to t he  e x p e r i m e n t  of S c h e m a t i c  I was  s u g g e s t e d .  The  c i r c u i t  
of  S c h e m a t i c  H was the  s a m e  as  shown  in S c h e m a t i c  I, but the  p r o b e  
was  un insu l a t ed ,  as shown  in Fig .  2b. T h r e e  a m m e t e r s  w e r e  u s e d  to 

p,--PLASMA JET (SIMPLIFIED) 

• f P L A S M A  FLAME 

"•I,••'DIAM TUNGSTEN PROBE 

1 , 2 , 3  A M M E T E R S  

• I'1'1 

SCHEMATIC II 

d e t e r m i n e  w h e t h e r  the  p r o b e  c u r r e n t  was  c o m i n g  f r o m  the  i n n e r  o r  
the  o r i f i c e  e l e c t r o d e .  If the  h y p o t h e s i s  of  Fig .  4a w e r e  c o r r e c t ,  t h e n  
the  p r o b e  shou ld  i n t e r r u p t  the  b lown a r c  c u r r e n t  pa ths  and p r o v i d e  
a p a r a l l e l  e l e c t r i c a l  pa th  back  to the  o r i f i c e  anode .  The  p r o b e  t ip  was  
p l a c e d  n e a r  the  c e n t e r  of t he  p l a s m a  s t r e a m  for  t h e s e  e x p e r i m e n t s .  
( M e t e r s  2 and 3 ac tua l ly  c o n s i s t e d  of c u r r e n t  shun t s ,  and the  m i l l i v o l t  
r e a d i n g s  w e r e  m a d e  wi th  p r e c i s i o n  p o t e n t i o m e t e r s  in o r d e r  to ob ta in  
the  d e s i r e d  r e a d a b i l i t y .  The  p r o b e  c u r r e n t  was  r e a d  wi th  an o r d i n a r y  
a m m e t e r . )  When th i s  e x p e r i m e n t  was  p e r f o r m e d ,  the  p r o b e  c u r r e n t  
( a m m e t e r  1 ) v a r i e d  f r o m  z e r o  at the  f l a m e  t ip  to s e v e n  a m p e r e s  when  the  
p r o b e  was  0 .10  in. d o w n s t r e a m  of the  o r i f i c e  exi t .  At e a c h  point  it was  
found tha t  the  s u m  of the  c u r r e n t s  in a m m e t e r s  1 and 2 was  equal  to the  
to ta l  c u r r e n t  in a m m e t e r  3. A plot  of t h e s e  da ta  is shown  in Fig .  7, and 
an e x a m p l e  of  the  da ta  is shown in Tab le  1. The  s i g n i f i c a n c e  of t he  r e s u l t  
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was the  fact  tha t  t he  l a r g e  c u r r e n t s  d e t e c t e d  in the  f l a m e  w e r e  shown  to 
be the  r e s u l t  of sp l i t t i ng  the  o r i f i c e  e l e c t r o d e  c u r r e n t  and the  fact  tha t  
t h e  i n s e r t i o n  of the  p r o b e  did not  a l t e r  the  o p e r a t i n g  c h a r a c t e r i s t i c s  of  
the'  p l a s m a  g e n e r a t o r .  Th i s  e x p e r i m e n t  s t r o n g l y  i n d i c a t e d  the  p o s s i b i l i t y  
of  the  e x i s t e n c e  of a b lown a rc ;  it did not n e c e s s a r i l y  p r o v e  the  e x i s t e n c e  
of a p a t t e r n  such  as  tha t  h y p o t h e s i z e d  in Fig.  4a. 

A n o t h e r  i n t e r e s t i n g  p h a s e  of the  e x p e r i m e n t  m a d e  wi th  the  p r o b e  
c i r c u i t  of S c h e m a t i c  H invo lved  m e a s u r i n g  the  p r o b e  c u r r e n t  as  a func-  
t ion  of gas  flow. R e f e r e n c e  1 s h o w e d  tha t  when  the  gas  f low of the  p l a s m a  
g e n e r a t o r  was  i n c r e a s e d ,  the  to ta l  e l e c t r i c  c u r r e n t  to the  p l a s m a  g e n e r a -  
t o r  s y s t e m  d e c r e a s e d .  T h e r e f o r e ,  it  would  be e x p e c t e d  tha t  t he  p r o b e  in 
the  p l a s m a  s t r e a m  would  d r a w  l e s s  c u r r e n t  as the  to ta l  c u r r e n t  d e c r e a s e d .  
H o w e v e r ,  when  th i s  e x p e r i m e n t  was  p e r f o r m e d  wi th  the  p r o b e  1 / 2 - i n .  down-  
s t r e a m ,  it was  found that  as the  gas  f low increase.d_and=the=total-cur.r-ent ~j  
decreased the probe c u r r e n t  m ~ T h i s  resu l t  de f i n i t e l y  showed that 
t h e  ac t ion  of the  i n c r e a s e d  gas  flow f o r c e d  the  b lown a r c  s t i l l  f a r t h e r  ou t -  
s i d e  the  o r i f i c e  e l e c t r o d e  when  the  flow was i n c r e a s e d .  

Double Probe 

To s u b s t a n t i a t e  the  da ta  so f a r  ob ta ined ,  tha t  is ,  to e s t a b l i s h  that  
t he  p r o b e  of S c h e m a t i c  II was  not s i m p l y  i m m e r s e d  in a conduc t i ng  
m e d i u m  but was  a c t u a l l y  i n t e r r u p t i n g  c u r r e n t  pa ths ,  a t h i r d  e x p e r i m e n t  
( S c h e m a t i c  IH) was  conduc ted .  The  p r o b e s  (Fig .  3c) w e r e  i n s e r t e d  into the  

f 
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s t r e a m  ( o r i e n t e d  as shown  in S c h e m a t i c  III), and the  vo l t age  b e t w e e n  the  
p r o b e s  was  r e c o r d e d  on an o s c i l l o s c o p e .  A t r a v e r s i n g  m e c h a n i s m  
a l l o w e d  the  p r o b e  to be qu ick ly  p a s s e d  t h r o u g h  the  s t r e a m  so tha t  the  
s m a l l  p r o b e s  did  not  m e l t .  A p o t e n t i o m e t e r  was  a t t a c h e d  to the  t r a v e r s -  
ing  m e c h a n i s m ,  and the  s i gna l  g e n e r a t e d  by it was  u s e d  to d e f l e c t  the  
o s c i l l o s c o p e  h o r i z o n t a l l y :  The  po___tential b e t w e e n  the  p r o b e s  c a u s e d  a 
v e r t i c a l  d e f l e c t i o n  of t he  o__sc__il_lo_s_cope spo t  so  tha t  it t r a c e d  out a plot  of  
p r o b e  vo l t age  as  a func t ion  of p o s i t i o n  wi th in  the  p l a s m a  f l a m e .  The  
e x p e r i m e n t  is b a s e d  on the  h y p o t h e s i s  d e m o n s t r a t e d  in F ig .  4a. If the  
a r c  pa ths  w e r e  ou t s i de  the  o r i f i c e ,  t he  double  p r o b e  in i ts  t r a v e r s e  cou ld  
f i r s t  i n t e r r u p t  c u r r e n t  f low in one  d i r e c t i o n  and then  in  the  o p p o s i t e  
d i r e c t i o n .  The  p r o b e  in i ts  t r a v e r s e  would  thus  r e g i s t e r  a p o t e n t i a l  on 
t h e  o s c i l l o s c o p e  in f i r s t  one  d i r e c t i o n  and t h e n  in the  o t h e r .  The  r e s u l t s  
of  th i s  e x p e r i m e n t  a r e  shown  in Fig .  8. V e r t i c a l  p o s i t i v e  d e f l e c t i o n s  
i n d i c a t e d  a d i f f e r e n c e  of po t en t i a l  b e t w e e n  the  two p r o b e s ,  the  h i g h e r  
p o t e n t i a l  be ing  n e a r e s t  the  o r i f i c e  e l e c t r o d e .  F o r  the  da ta  shown  in 
Fig .  8b, t he  t r a v e r s e  t i m e  was  on the  o r d e r  of  two s e c o n d s .  F r o m  the  
t r a c e  it is s e e n  tha t  t he  p o l a r i t y  r e v e r s e d  m a n y  t i m e s ,  an i n d i c a t i o n  of 
r a p i d  m o v e m e n t  of  t he  b lown a r c  r e l a t i v e  to the  ax ia l  c e n t e r l i n e  of t he  
f l a m e .  

Al though  the  double  p r o b e  e x p e r i m e n t  s t r o n g l y  s u b s t a n t i a t e d  the  
h y p o t h e s i s  i l l u s t r a t e d  by Fig .  4a, s o m e  c o n s i d e r a t i o n  was  g iven  to the  
va l i d i t y  of  the  double  p r o b e  e x p e r i m e n t .  The  double  p r o b e  t e c h n i q u e  
shown  in S c h e m a t i c  HI was  b a s e d  on the  i n t e r r u p t i o n  of a c u r r e n t  pa th  
o r  a r c  pa th  by the  double  p r o b e  and on t h e  fact  tha t  t h i s  was  e q u i v a l e n t  
to p l a c in g  the  two p r o b e s  a c r o s s  a s m a l l  s e c t i o n  of t he  a r c  o r  a c r o s s  a 
r e s i s t a n c e  con ta in ing  a f low of e l e c t r i c  c u r r e n t .  To i n v e s t i g a t e  t he  
va l i d i t y  of t he  double  p robe ,  c o n s i d e r  S c h e m a t i c  IV. In th i s  c i r c u i t  if  
t he  a r c  r e s i s t a n c e ,  Rp, is  c o n n e c t e d  wi th  a p a r a l l e l  r e s i s t a n c e ,  R,,  the  
v o l t m e t e r  r e a d i n g  is g iven  by 

V = I  

- - - -  
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Rp R s  
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I f  now R, is c h a n g e d  to R, w h e r e  R, >> Rs, t he  va lue  of the  to ta l  c i r c u i t  
r e s i s t a n c e  wil l  i n c r e a s e .  If  t hen  l~n is ,  in  fact ,  a r e s i s t a n c e ,  t h e r e  wi l l  
be a c o r r e s p o n d i n g  i n c r e a s e  in the  v o l t m e t e r  r e a d i n g .  H o w e v e r j  if  
b e t w e e n  the  two p r o b e s  t h e r e  is  a p u r e  e m f  s o u r c e  of s o m e  kind,  t h e r e  
m u s t  be no change  in the  v o l t m e t e r  r e a d i n g .  Data  f r o m  th i s  c i r c u i t  fo r  
R, - 7.5 x 10~f~ gave  a v o l t m e t e r  r e a d i n g  of V ~ 0.05volt, fo r  1~, .. 3.3 x 104•, 
V . ,  0.05 vol t ,  and fo r  RI ,. 1.1 x 10 '~ ,  V - 0.08 vol t .  F r o m  t h e s e  v a l u e s ,  _ 
it is s e e n  that  as the  p a r a l l e l  r e s i s t a n c e  i n c r e a s e d  so did the  vo l t age  d r o p /  
b e t w e e n  the  p r o b e s .  T h e r e f o r e ,  t he  a r c  m a y  be c o n s i d e r e d  as a s e r i e s  of  ~ 
s m a l l  r e s i s t o r s ,  and the  double  p r o b e  t e c h n i q u e  is va l id ,  o 

A s tudy  to g ive  a b e t t e r  u n d e r s t a n d i n g  of the  double  p r o b e  t e c h n i q u e  
was  m a d e  by c o n s i d e r i n g  the  e x p e r i m e n t  i l l u s t r a t e d  in S c h e m a t i c  V. 
H e r e  the  d i r e c t i o n  of c u r r e n t  f low and po ten t i a l  d i s t r i b u t i o n s  of  t he  a r c  
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f 
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1 
GAS IN 

DOUBLE PROBE 

SCHEMATIC V 

d i s c h a r g e  w e r e  known.  T h e r e f o r e ,  it shou ld  be qui te  e a s y  to i n t e r p r e t  
the  r e s u l t s  of  a p r o b e  o s c i l l o s c o p e  t r a c e .  O s c i l l o s c o p e  t r a c e s  f r o m  th i s  
c i r c u i t  ( shown in Fig .  9) w e r e  a lways  pos i t ive°  an i n d i c a t i o n  tha t  t he  c u r -  
r e n t  f low was f r o m  ca thode  to anode,  wh ich  a g r e e s  wi th  the  way the  c i r c u i t  
was  s e t  up and shows  tha t  the  double  p r o b e  c o r r e c t l y  de f i ned  the  d i r e c t i o n  
of  c u r r e n t  flow in the  a r c  d i s c h a r g e .  

The  c i r c u i t s  of  S c h e m a t i c s  III and V w e r e  a l so  u s e d  in a t t e m p t s  to 
de f ine  the  f r e q u e n c y  c h a r a c t e r i s t i c s  of  the  o s c i l l a t i o n s  shown  in F ig .  8 
by ho ld ing  the  p r o b e  s t a t i o n a r y  and d i s p l a y i n g . t h e  t r a c e  as a func t ion  of 
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of t ime on the osc i l l o scope .  The r e s u l t s  of th is  inves t iga t ion  ind ica ted  
that  the f r equency  of the osc i l l a t ions  was comple t e ly  r andom and g r e a t e r  
than 10 mc.  The s ign i f ican t  point he re  is  that  the a r c  is a n o n - s t e a d y  
p r o c e s s  at a ve ry  high f requency .  

Longmuir Probe 

A c l a s s i c  method of inves t iga t ing  e l e c t r i c  d i s c h a r g e s  in gases  is by 
the use of Langmui r  p robes  (Refs.  9, 10, 11, and 12). Appl ica t ion  of 
the L a n g m u i r  probe  c i r cu i t  to the p l a s m a  g e n e r a t o r  s y s t e m  is i l l u s t r a t e d  
in Schemat ic  VI. A comple te  d i s cus s ion  of the probe t h e o r y  is given in 

Appendix A. 
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INSULATING 
CERAMIC 

I I I  ~" DIAM STEEL~ 

SCH EMATIC Vl 

F r o m  the t h e o r y  given in Appendix A, a plot of the l o g a r i t h m  of 
c u r r e n t  dens i ty  as a funct ion of probe  potent ia l  should y ie ld  a curve  with 
a s t r a igh t  l ine  sec t ion  in the negat ive  reg ion  which becomes  concave  
downward as the probe  potent ia l  approaches  ze ro  and becomes  cons tan t  
as the  probe  becomes  pos i t ive  if the f l ame  is in t h e r m a l  equ i l ib r ium.  
The s t r a i gh t  l ine  sec t ion  s a t i s f i e s  the Bol tzmann  equat ion 

Je. ffi Jep exp ( -  --~-T V) 

and is a n e c e s s a r y  condi t ion for  t h e r m a l  equ i l ib r ium to exis t  in the 
ionized gas s t r e a m .  

The degree  of equ i l i b r ium of the p l a s m a  f l ame  was inves t iga ted  using 
the L a n g m u i r  probe  theory .  A typ ica l  se t  of data is shown in Fig. 10. 
Here ,  a plot of Is vs V is shown for  a probe i m m e r s e d  in the edge of a 
p l a s m a  f l ame  (see Ref. 11 for  an in t e rp re t a t i on ) .  Thus !p is the c u r r e n t  
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to the  p r o b e ,  and V is the  p r o b e  po ten t i a l .  It was  no ted  that  as the  vo l t age  
w a s ' c h a n g e d  in the  n e g a t i v e  d i r e c t i o n ,  beyond  -8 vol t ,  the  p r o b e  b e c a m e  a 
r e f l e c t o r  of e l e c t r o n s ,  and the  c u r r e n t  b e c a m e  s l i g h t l y  n e g a t i v e  as a 
r e s u l t  of the  i m p i n g e m e n t  of p o s i t i v e  ions .  The  c u r r e n t  a p p r o a c h e d  a 
n e g a t i v e  cons t an t  va lue ,  Ips, as  the  po t en t i a l  was  i n c r e a s e d  n e g a t i v e l y .  
At -8 vo l t s  t h e r e  was  a s u d d e n  i n c r e a s e  in c u r r e n t ;  th i s  is the  poin t  at 
wh ich  the  f a s t e r  e l e c t r o n s  beg in  r e a c h i n g  the  p robe .  At Is = 0 the  e l e c -  
t r o n s  a r r i v i n g  at the  p r o b e  a r e  equa l  to the  to ta l  c h a r g e  of the  ions  a r r i v -  
ing; at v o l t a g e s  g r e a t e r  than  -8 vol t s  and l e s s  than  z e r o  vol t  the  c u r r e n t  
m e a s u r e d  is the  e l e c t r o n  c u r r e n t ,  Ies,  wh ich  is c o m p u t e d  fo r  p u r p o s e s  
of  c a l c u l a t i o n  by 

Ies = Is + Ips 

and is the  to ta l  e l e c t r o n  c u r r e n t  to t he  p robe .  It is th i s  r e g i o n  ( -8  vo l t s  
to 0 volt)  that  is of i n t e r e s t ,  and da ta  w e r e  t aken  for  a p lane  p r o b e  
i m m e r s e d  in the  p l a s m a  at v a r i o u s  po in t s  wi th in  the  s t r e a m .  T h e s e  
r e d u c e d  da ta  a r e  shown in Fig .  11. Note  tha t  as the  p r o b e  p r o c e e d e d  
into the  s t r e a m  the  da ta  d e v i a t e d  m o r e  and m o r e  f r o m  the  s t r a i g h t  l i ne  
c r i t e r i a  of the  B o l t z m a n n  equat ion ,  an i nd i ca t i on  of n o n e q u i l i b r i u m  in the  
c e n t e r  s e c t i o n  of t he  f l a m e .  Al though  the  da ta  i n d i c a t e d  the  p o s s i b i l i t y  of 
e q u i l i b r i u m  in the  o u t e r  p o r t i o n  of the  f l ame ,  it m u s t  be r e m e m b e r e d  that  
the  m e a n  f r e e  path  of the  e l e c t r o n s  at a t m o s p h e r i c  p r e s s u r e  (~ = 10 -4 cm) 
is m u c h  s m a l l e r  than  the  p r o b e  d i a m e t e r .  T h e r e f o r e ,  c o n s i d e r a t i o n  
m u s t  be  g iven  to p o s s i b l e  d i s t u r b i n g  e f fec t s  of  the  p r o b e  on the  p l a s m a ,  
and quan t i t a t i ve  r e s u l t s  would  not be e x p e c t e d  to be a c c u r a t e .  

A s s u m i n g  the  a r c  s t r u c t u r e  of  Fig .  4a w h e r e  the  g r e a t e r  p o r t i o n  of 
the  b lown a r c  is in the  c e n t e r  s e c t i o n  of the  f l a m e  and the  r a p i d  m o v e m e n t  
of  t h e  a r c  m a k e s  the  o u t e r  p o r t i o n  of the  f l a m e  not qui te  so uns t ab l e ,  c e r -  
t a in  p r e d i c t i o n s  as to L a n g m u i r  p r o b e  da ta  can  be m a d e .  If  the  p r o b e  is  
i m m e r s e d  in the  o u t e r  e d g e s  of the  f l a m e ,  a r e a s o n a b l e  a p p r o x i m a t i o n  to 
a M a x w e l l i a n  d i s t r i b u t i o n  shou ld  be o b s e r v e d .  H o w e v e r ,  as  the  p r o b e  
p r o c e e d s  into the  f l ame ,  thus i n t e r r u p t i n g  the  n o n e q u i l i b r i u m  a r c  pa ths ,  
d e v i a t i o n  f r o m  a Maxwe l l i an  d i s t r i b u t i o n  shou ld  i n c r e a s e .  The  da ta  in 
Fig .  11 show that  th i s  p r e d i c t i o n  ho lds .  C u r v e  one  is v e r y  n e a r l y  a 
s t r a i g h t  l i ne  and the  da ta  w e r e  t a k e n  at the  f l a m e  edge .  H o w e v e r ,  as  
the  p r o b e  m o v e d  into the  f l a m e  in 1 / 3 2 - i n .  i n c r e m e n t s ,  the  d e v i a t i o n  
f r o m  a s t r a i g h t  l i ne  (o r  Maxwe l l i an  d i s t r i b u t i o n )  i n c r e a s e d .  F r o m  th i s  
and p r o c e e d i n g  e x p e r i m e n t s  then,  it a p p e a r s  tha t  t he  a rc  is not only  b lown 

L 

o u t s i d e  the  o r i f i c e  anode  but is ,  for  t he  m o s t  pa r t ,  con t a ined  in the  c e n t e r  \ 
p o r t i o n s  of  t he  f l ame ,  as  a s s u m e d  in F ig .  4a. 
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PLASMA GENERATOR POLARITY 

When the  p l a s m a  g e n e r a t o r  was  f i r s t  o p e r a t e d  (Ref.  1), it  was  no ted  
tha t  m u c h  m o r e  s t ab l e  o p e r a t i o n  could  be ob ta ined  wi th  the  o r i f i c e  e l e c -  
t r o d e  p o l a r i t y  p o s i t i v e  and the  i n n e r  e l e c t r o d e  p o l a r i t y  n e g a t i v e .  F i g -  
u r e  12 shows  two p h o t o g r a p h s  of the  p l a s m a  g e n e r a t o r  o p e r a t i n g ;  Fig .  12a 
shows  n o r m a l  o p e r a t i o n  ( o r i f i c e  e l e c t r o d e  pos i t ive ) ,  and Fig .  12b shows  
the  p l a s m a  g e n e r a t o r  o p e r a t i n g  wi th  the  o r i f i c e  e l e c t r o d e  n e g a t i v e .  Both  
p h o t o g r a p h s  w e r e  t a k e n  wi th  i d e n t i c a l  c a m e r a  s e t t i n g s  and c a m e r a  p o s i -  
t i o n  and wi th  the  p l a s m a  g e n e r a t o r  o p e r a t i n g  e q u i p m e n t  s e t  at i d e n t i c a l  
v a l u e s .  W i t h  the  o r i f i c e  p o l a r i t y  pos i t i ve  (F ig .  12a), the  e l e c t r o n  
c u r r e n t  flow was  f r o m  the  i n n e r  e l e c t r o d e  to the  o r i f i c e  e l e c t r o d e  and in 
the  s a m e  d i r e c t i o n  as the  gas  flow. H o w e v e r ,  wi th  the  o r i f i c e  e l e c t r o d e  
n e g a t i v e  (Fig .  12b), t he  e l e c t r o n  c u r r e n t  f low was" oppos i t e  to the  gas  
flow. In Fig .  12b the  ac t ion  of the  gas  f low has  f o r c e d  the  a r c  f a r t h e r  
o u t s i d e  the  o r i f i c e ,  and p a r t  of the  a r c  has  a t t a c h e d  i t s e l f  to the  f ace  of  
the  o r i f i c e  e l e c t r o d e .  Th i s  a t t a c h m e n t  is s e e n  as a l u m p  at t he  b o t t o m  
of the  f l a m e  in Fig .  12b. Spec ia l  note  shou ld  be t a k e n  of the  l eng th  of  
the  f l a m e  shown in Fig .  12b; it is a p p r o x i m a t e l y  two inches  long as op-  
p o s e d  to one  inch  for  the  p l a s m a  j e t  in n o r m a l  o p e r a t i o n  (Fig .  12a). Th i s  
p h e n o m e n o n  g ives  s t i l l  f u r t h e r  s u p p o r t  to the  h y p o t h e s i s  i l l u s t r a t e d  in 
Fig .  4a. The a t t a c h m e n t  of the  a r c  to t he  o r i f i c e  face  shows  tha t  e l e c -  
t r o n s  a r e  e m i t t e d  at th i s  point  and then  m o v e  aga ins t  the  ac t ion  of the  
gas  f low to the  i n n e r  p o s i t i v e  e l e c t r o d e .  H o w e v e r ,  in the  p r o c e s s  of  
m o v i n g  to the  i n n e r  e l e c t r o d e ,  the  e l e c t r o n s  a r e  b lown d o w n s t r e a m ,  and 
thus  the  f l a m e  l e n g t h  is l o n g e r  than  the  f l a m e  ob ta ined  when  the  g e n e r a t o r  
is c o n n e c t e d  fo r  n o r m a l  o p e r a t i o n .  

INTERNAL ARC 

A f ina l  o b s e r v a t i o n  on the  a t m o s p h e r i c  p l a s m a  f l a m e  was  c o n c e r n e d  
wi th  the  s t r u c t u r e  of t he  i n t e r n a l  a rc ,  that  is,  with the  s e c t i o n  of a r c  
f r o m  the  i n n e r  e l e c t r o d e  to the  i n n e r  p a r t  of the  o r i f i c e  e l e c t r o d e .  N o r -  
ma l ly ,  t h i s  s e c t i o n  of a r c  cannot  be o b s e r v e d .  Howeve r ,  at A r n o l d  C e n t e r  
a p l a s m a  g e n e r a t o r  was  c o n s t r u c t e d  wi th  a c y l i n d r i c a l  g l a s s  body.  It was  
t h e n  p o s s i b l e  to pho tog raph  the  i n t e r n a l  a r c  at norm~al o p e r a t i n g  cond i t i ons  
of  the  p l a s m a  g e n e r a t o r ,  as shown  in Fig .  13. The  d i a m e t e r  of the  o r i f i c e  
is  shown,  and the  i n n e r  e l e c t r o d e  is v i s i b l e .  The  d i r e c t i o n  of gas  f low 
was frg,~, , ief t , to r igh t .  Note  how the  ac t ion  of t he  gas  flow and the  s e l f -  
i n d u c e d ~ i ~  f ie ld  has  c o n s t r i c t e d  the  a r c  so tha t  i ts  d i a m e t e r  is 
s m a l l ~ r i f i c e  and is c e n t e r e d  in t he  o r i f i c e  e n t r a n c e .  No a p p a r -  
ent  a t t a c h m e n t  to the  o r i f i c e  can  be  d e t e c t e d .  This  is  the  e x p e c t e d  a r c  
c o n f i g u r a t i o n  if  the  b lown a rc  t h e o r y  is va l id .  
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EXPERIMENTAL PROCEDURE AND RESULTS OBTAINED AT 
LOW PRESSURE 

The  r e s u l t s  of the  s t u d i e s  of the  a t m o s p h e r i c  p l a s m a  f l a m e  i n d i c a t e d  
a v e r y  c o m p l i c a t e d  e l e c t r i c a l  s t r u c t u r e  wi th in  t he  j e t .  T h e r e f o r e ,  r e s u l t s  
of  s p e c t r o m e t r i c  m e a s u r e m e n t s  m i g h t  be in s e r i o u s  e r r o r .  One m e t h o d  
of s tudy ing  the  b lown a r c  p r o b l e m  was thought  to be an e x p a n s i o n  of the  
gas  j e t  in a low p r e s s u r e  t e s t  ce l l  and an i n v e s t i g a t i o n  of the  e x p a n d e d  
je t .  H o w e v e r ,  in o r d e r  to ju s t i fy  th i s  p r o c e d u r e  it was  n e c e s s a r y  to 
e x a m i n e  the  expanded  je t  in the  s a m e  way as the  a t m o s p h e r i c  j e t  had b e e n  
e x a m i n e d .  F i g u r e  14 is  a p h o t o g r a p h  of the  p l a s m a  je t  e x h a u s t i n g  into a 
t e s t  ce l l  p r e s s u r e  of 0 .55  m m  Hg. F o r  c l a r i t y ,  t he  two p o r t i o n s  of the  
f l a m e  w e r e  n a m e d .  The  b r igh t  s e c t i o n  at the  o r i f i c e  exi t  was  c a l l e d  the  
hot c o r e ,  and t he  d o w n s t r e a m  l u m i n o u s  s e c t i o n  was  c a l l e d  the  expanded  
f lame.  

ELECI:RICAL PROBE STUDIES 

Current Probes 

To i n v e s t i g a t e  the  s t r u c t u r e  of  the  expanded  f l ame ,  a plot  of c o n s t a n t  
c u r r e n t  va lue s  as a func t ion  of p r o b e  pos i t i on  r e l a t i v e  to the  f l a m e  c e n t e r -  
l i ne  was  m a d e .  This  e x p e r i m e n t  u t i l i z e d  t he  p r o b e  shown in Fig .  3a and 
the  c i r c u i t  of S c h e m a t i c  I. The  data  po in t s  a r e  shown  s u p e r i m p o s e d  on 
the  p h o t o g r a p h  in Fig .  15. E a c h  dot on the  p h o t o g r a p h  r e p r e s e n t s  a 
p r o b e  pos i t i on  for  which  a c u r r e n t  va lue  of 2 .0  m i l l i a m p e r e s  was  ob ta ined .  
As the  p r o b e  was i n s e r t e d  into the  s t r e a m  c e n t e r  at e a c h  pos i t ion ,  the  
p r o b e  c u r r e n t  i n c r e a s e d .  Th i s  i n c r e a s e  at t he  s t r e a m  c e n t e r  was  found 
to be a m a x i m u m  of one amp  at a p o s i t i o n  1/8 in. d o w n s t r e a m  f r o m  the  
o r i f i c e ,  75 m i l l i a m p e r e s  6 in. d o w n s t r e a m ,  and 14 m i l l i a m p e r e s  12 in.  
d o w n s t r e a m .  The  n o r m a l  shock  wave  o c c u r r e d  about 4 in. d o w n s t r e a m  
of the  o r i f i c e  exit ,  and it was  found tha t  in th i s  s h o c k  wave  a c u r r e n t  of 
210 m i l l i a m p e r e s  could  be d e t e c t e d  by the  p robe .  On the  u p s t r e a m  s i d e  
of t he  s h o c k  wave,  t he  c u r r e n t  to the  p r o b e  was  65 m i l l i a m p e r e s ;  on the  
d o w n s t r e a m  s ide ,  it was  100 m i l l i a m p e r e s .  The  da ta  a r e  shown in 
Tab le  2. 

The  plot  in Fig.  15, a l though smoo th ,  does  not have  the  s a m e  s h a p e  
as the  s i m i l a r  plot  of  the  a t m o s p h e r i c  p l a s m a  f l a m e  but s e e m s  to fo l low 
the  s u p e r s o n i c  f low s t r e a m l i n e .  Th i s  is p e r h a p s  i n d i c a t i v e  of  t he  m e a s -  
u r e  of the  conduc t iv i t y  of the  i on i zed  gas  s t r e a m .  The  s i g n i f i c a n c e  of 
th i s  m e a s u r e m e n t  is that  the  da ta  a r e  not at all  s i m i l a r  to e q u i v a l e n t  
da ta  t aken  f r o m  the  a t m o s p h e r i c  je t .  Also ,  the  va lue  of the  c u r r e n t  tha t  
can  be d e t e c t e d  at any pos i t i on  in the  expanded  j e t  is  v e r y  s m a l l  c o m p a r e d  
wi th  the  to ta l  a r c  c u r r e n t .  
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The  p r o b e  c i r c u i t  i l l u s t r a t e d  by S c h e m a t i c  II was  u s e d  wi th  the  t ung -  
s t e n  p r o b e  (Fig .  3b). H e r e  the  p r o b e  c o l l e c t i n g  a r e a  was  m u c h  l a r g e r  
than  the  c o l l e c t i n g  a r e a  of the  p r o b e  of the  p r e v i o u s  e x p e r i m e n t  and 
would,  t h e r e f o r e ,  d r a w  a l a r g e r  va lue  of c u r r e n t .  Thus ,  th i s  c i r c u i t  
is,  p e r h a p s ,  a b e t t e r  m e t h o d  of i n v e s t i g a t i n g  the  s t r u c t u r e  of  the  ex -  
panded  f l a m e  when  it is  u s e d  wi th  the  p r o b e  shown  in F ig .  3b. In t h i s  
e x p e r i m e n t ,  as in the  s a m e  e x p e r i m e n t  on the  a t m o s p h e r i c  p r e s s u r e  
p l a s m a  f l a m e ,  the  p r o b e  c u r r e n t  was  m e a s u r e d  as a func t ion  of d i s t a n c e  
d o w n s t r e a m .  The  r e s u l t s  a r e  shown  in Tab le  3 and a r e  of  g r e a t  i n t e r e s t  
in that  v e r y  l i t t l e  change  could  be d e t e c t e d  in the  p r o b e  c u r r e n t  as  the  
p r o b e  was m o v e d  d o w n s t r e a m .  T h i s  is  a d e f i n i t e  i n d i c a t i o n  tha t  the  
b lown a r c  does  not ex i s t  in the  e x p a n d e d  f l a m e .  H o w e v e r ,  when  t he  
p r o b e  was p l a c e d  in the  hot  c o r e  s e c t i o n ,  t he  da t a  w e r e  in t he  s a m e  
r a n g e  and s i m i l a r  to the  da ta  t a k e n  f r o m  the  a t m o s p h e r i c  p l a s m a  j e t .  
Th is  is  a s t r o n g  i nd i ca t i on  tha t  t he  b lown a r c  is c o n t a i n e d  only  in  t he  
hot  c o r e .  

Double Probe 

The  double  p r o b e  e x p e r i m e n t  ( S c h e m a t i c  HI) was  a l so  u t i l i z e d  to 
s tudy  the  expanded  j e t .  F i g u r e  16 is a plot  of  the  po ten t i a l  b e t w e e n  the  
double  p r o b e s  as a func t ion  of t he  p r o b e  p o s i t i o n  r e l a t i v e  to t he  gas  
s t r e a m  c e n t e r l i n e .  The  da ta  were" o b t a i n e d  at a p l ane  a p p r o x i m a t e l y  
4 in. d o w n s t r e a m  of the  o r i f i c e  exi t .  P a r t i c u l a r  no te  shou ld  be  t a k e n  
of the  fact  that  the  po ten t i a l  was  at a l l  t i m e s  in the  s a m e  d i r e c t i o n ,  that  
is ,  any c u r r e n t  pa ths  in the  gas  s t r e a m  w e r e  al l  in the  s a m e  d i r e c t i o n .  
The  p o l a r i t y  r e a d i n g  on the  v o l t m e t e r  (which  was s u b s t i t u t e d  fo r  the  
o s c i l l o s c o p e  in t h i s  e x p e r i m e n t )  was  s e t  up so that  a vo l t age  d rop  in t h e  
d i r e c t i o n  d o w n s t r e a m  of the  o r i f i c e  c a u s e d  a p o s i t i v e  de f l e c t i on .  Ob-  
v ious ly ,  then ,  any c u r r e n t  pa ths  in the  e x p a n d e d  s t r e a m  w e r e  m o v i n g  in  
one d i r e c t i o n .  When t he  doub le  p r o b e  was  i n s e r t e d  into the  hot c o r e  
s e c t i o n ,  it was o b s e r v e d  that  the  po ten t i a l  r e v e r s e d  m a n y  t i m e s ,  an 
i n d i c a t i o n  tha t  in t h i s  s e c t i o n  of t he  f l a m e  t he  b lown a r c  e x i s t e d  in m u c h  
the  s a m e  m a n n e r  as  in the  f l a m e  of t he  a t m o s p h e r i c  j e t .  

(A v o l t m e t e r  was  u s e d  in p l a c e  of  an o s c i l l o s c o p e  in the  p r e c e d i n g  
e x p e r i m e n t  b e c a u s e  of  the  high l e v e l  of e l e c t r o n i c  n o i s e  in the  e v a c u a t e d  
t e s t  ce l l .  The  f l a m e  did  not have  a d e t r i m e n t a l  e f fec t  on the  p r o b e  
b e c a u s e  of t he  m u c h  l o w e r  t e m p e r a t u r e  of the  e x p a n d e d  f l a m e  c o m p a r e d  
wi th  tha t  of  t h e  a t m o s p h e r i c  p r e s s u r e  p l a s m a  f l a m e .  ) 

Langmuir Probe 

T h e  L a n g m u i r  p r o b e  (Appendix  A) was app l i ed  to t h e  p l a s m a  j e t  
e x h a u s t i n g  to low p r e s s u r e  (F ig .  14). The  p r o b e  was  i m m e r s e d  in the  
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p l a s m a  f l a m e  at v a r i o u s  po in ts  to d e t e r m i n e  when  the  da ta  would  s a t i s f y  
the  B o l t z m a n n  equa t ion  and t h e r e f o r e  would  de f ine  s e c t i o n s  that  m i g h t  
be  in e q u i l i b r i u m  and c u r r e n t - f r e e .  F i g u r e  17 is  a p lot  of the  r e d u c e d  
da ta  f r o m  the  L a n g m u i r  p r o b e  c i r c u i t  of S c h e m a t i c  VI. C u r v e  n u m b e r  1 
in F ig .  17 is  of  p a r t i c u l a r  i n t e r e s t  b e c a u s e  t h e s e  da ta  w e r e  ob t a ined  
f r o m  the  p r o b e  i m m e r s e d  in the  hot c o r e .  The  c u r v e  does  not exhib i t  a 
c h a r a c t e r i s t i c  as p r e d i c t e d  by the  t h e o r y  (Appendix  A) and t h e r e f o r e  d o e s  
not  s a t i s f y  the  B o l t z m a n n  equa t ion .  Thus ,  t h e r e  is a d e p a r t u r e  f r o m  
e q u i l i b r i u m  a m o n g  the  e l e c t r o n s  in the  hot c o r e .  E a c h  of the  o t h e r  c u r v e s ,  
h o w e v e r ,  has  s t r a i g h t  l i ne  s e c t i o n s ,  an i n d i c a t i o n  tha t  the  B o l t z m a n n  
equa t ion  is s a t i s f i e d  in tha t  p a r t i c u l a r  r e g i o n .  This  is a n e c e s s a r y  but 
not su f f i c i en t  cond i t ion  fo r  e q u i l i b r i u m  in the  i o n i z e d  gas  s t r e a m .  

PLASMA GENERATOR POLARITY 

T he  f inal  p h a s e  of e x p e r i m e n t a t i o n  wi th  the  p l a s m a  je t  e x h a u s t i n g  to 
low p r e s s u r e  c o n s i s t e d  of r e v e r s i n g  the  p o l a r i t y  of the  p o w e r  supply .  
In n o r m a l  o p e r a t i o n  (Fig .  18a), the  o r i f i c e  e l e c t r o d e  of the  p l a s m a  j e t  
was  pos i t i ve ,  and e l e c t r o n s  t r a v e l e d  f r o m  the  i n n e r  e l e c t r o d e  to the  
o r i f i c e  e l e c t r o d e  in the  s a m e  d i r e c t i o n  as the  gas  flow. In F ig .  18b the  
g e n e r a t o r  was  o p e r a t i n g  wi th  the  o r i f i c e  e l e c t r o d e  n e g a t i v e ,  and p a r t  of  
the  a r c  had  a t t a c h e d  i t s e l f  to the  o u t e r  face  of the  o r i f i c e  e l e c t r o d e .  
F r o m  t h e s e  p h o t o g r a p h s  it was  s e e n  tha t  when  the  o r i f i c e  p o l a r i t y  was  
n e g a t i v e  the  f l a m e  was l o n g e r  and w i d e r  t han  the  f l a m e  which  e x i s t e d  
when  the  o r i f i c e  e l e c t r o d e  was  pos i t i ve .  The  ac t ion  of the  gas  flow, 
then ,  c a u s e d  the  a r c  to be f o r c e d  f a r t h e r  d o w n s t r e a m  and p r o v i d e d  a 
l a r g e  hot  c o r e  s e c t i o n .  

DI SCUSSION 

T h e  e x p e r i m e n t s  d e s c r i b e d  in the  p r e v i o u s  s e c t i o n s  w e r e  e a c h  d e -  
s i g n e d  to c o n t r i b u t e  s o m e  s i g n i f i c a n t  i n f o r m a t i o n  about the  e l e c t r i c a l  
s t r u c t u r e  of t he  p l a s m a  f l a m e .  T h e r e f o r e  to d i s c u s s  the  e x p e r i m e n t s  in 
the  s e c t i o n  on a t m o s p h e r i c  p l a s m a s ,  a m e c h a n i s m  of a r c  s t r u c t u r e  was  
a s s u m e d  and then  e x a m i n e d  on the  b a s i s  of the  e x p e r i m e n t a l  r e s u l t s .  
C o n s i d e r  F i g s .  4a and b. In Fig.  4b the  a r c  is  a t t a c h e d  to the  i n n e r  p a r t  
of  the  o r i f i c e ,  and the  gas  p a s s i n g  t h r o u g h  the  a r c  p r o d u c e s  a c u r r e n t -  
f r e e  p l a s m a  f l a m e  on the  o u t s i d e  of t he  o r i f i c e .  In the  idea l  c a s e ,  t he  
p l a s m a  would  be in e q u i l i b r i u m  .at a t m o s p h e r i c  p r e s s u r e .  In t he  s e c o n d  
c o n f i g u r a t i o n  (Fig .  4a), the  a rc ,  b e c a u s e  of the  gas  flow, is b lown ou t -  
s i d e  the  o r i f i c e  and f o r m s  s m a l l  h igh  c u r r e n t - d e n s i t y  c h a n n e l s  wh ich  
m o v e  at a h igh  f r e q u e n c y .  Th i s  c o n f i g u r a t i o n  would  not be  e x p e c t e d  to 
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c o n f o r m  to an e q u i l i b r i u m  p l a s m a .  The  e x p e r i m e n t s  w e r e  d e s i g n e d  to 
c h e c k  the  va l i d i t y  of t h e s e  hypo the t i c a l  a s s u m p t i o n s .  

ATMOSPH ERIC PR ESSUR E 

T h e  h igh  s p e e d  p h o t o g r a p h s  in Fig .  5 po in ted  out the  n e e d  for  p r o b e  
s t u d i e s .  T h e s e  p h o t o g r a p h s  s h o w e d  that  if the  a r c  w e r e  b lown o u t s i d e  
the  o r i f i c e  the  f r e q u e n c y  of i ts  m o v e m e n t  was  too g r e a t  to be shown,  
e v e n  at c a m e r a  s p e e d s  as h igh  as 0 .5  x 106 fps.  

The  p r o b e  s t u d i e s  w e r e  m u c h  m o r e  i n f o r m a t i v e .  A p r o b e  s tudy  
u t i l i z i ng  S c h e m a t i c  I m a p p e d  t he  s h a p e  of a c o n s t a n t  c u r r e n t  e n v e l o p e .  
Th i s  c u r r e n t  con tou r  (F ig .  6) was  a p p r o x i m a t e l y  the  s a m e  s h a p e  as  the  
o b s e r v e d  p l a s m a  f l ame ,  l e a d i n g  to the  c o n c l u s i o n  tha t  p e r h a p s  th i s  c u r -  
r e n t  con tou r  was  the  e n v e l o p e  of the  b lown a r c s  and tha t  the  h y p o t h e s i s  
of Fig .  4a was  c o r r e c t .  The  e n v e l o p e  of b lown a r c s ,  b e c a u s e  of  the  
b r e a k i n g  up of the  a r c s  at the  end  of the  f l a m e ,  shou ld  have  a h i g h e r  c u r -  
r e n t  d e n s i t y  at the  c e n t e r  of the  e n v e l o p e  and at t he  o r i f i c e  exi t  t han  at 
the  end of the  f l a m e .  Th i s  t h e o r y  was found to ho ld  when  the  c i r c u i t  in 
S c h e m a t i c  II was  used .  The  plot  of the  c u r r e n t  to t he  p r o b e  as  a func t ion  
of  d i s t a n c e  d o w n s t r e a m  of the  o r i f i c e  exi t  (F ig .  7) s h o w e d  tha t  as t he  
p r o b e  m o v e d  d o w n s t r e a m ,  thus  i n t e r r u p t i n g  f e w e r  and f e w e r  c u r r e n t  
pa ths  o r  a r c s ,  the  c u r r e n t  d e c r e a s e d  in n e a r l y  a l i n e a r  f a sh ion  unt i l  t he  
p r o b e  r e a c h e d  0 .4  in. d o w n s t r e a m .  At th i s  point ,  the  c u r v e  began  to 
d e c r e a s e  by a fa r  l e s s e r  amount ,  an i n d i c a t i o n  tha t  the  p r o b e  was now 
beyond  the  a r c  pa ths  and was  in a conduc t ing  i o n i z e d  gas .  

The  h y p o t h e s i s  in Fig .  4a was  f u r t h e r  v e r i f i e d  by p r o v i n g  tha t  the  
c u r r e n t  pa ths  ac tua l ly  e x i s t e d .  S c h e m a t i c  HI (double  p robe)  p r o v i d e d  a 
m e t h o d  w h e r e b y  it could  be shown that  e a c h  a r c  path  could  be l o c a t e d  by 
the  d rop  in po ten t i a l  in the  d i r e c t i o n  of c u r r e n t  flow wi th in  the  path.  The  
r e v e r s a l  of p o l a r i t y  b e t w e e n  the  p r o b e s  c l e a r l y  s h o w e d  tha t  t h e r e  w e r e  
c u r r e n t  pa ths  in both  d i r e c t i o n s .  The  only  exp l ana t i on  fo r  t h i s  was  the  
loop a r c  (Fig.  4a). 

P h o t o g r a p h s  t a k e n  of the  p l a s m a  f l a m e  (Fig. 12) in n o r m a l  ( o r i f i c e  
e l e c t r o d e  pos i t i ve )  o p e r a t i o n  and wi th  the  o r i f i c e  e l e c t r o d e  n e g a t i v e  
s h o w e d  tha t  the  ac t ion  of t he  gas  flow blew the  a r c  s t i l l  f a r t h e r  down-  
s t r e a m  when  the  o r i f i c e  e l e c t r o d e  was e m i t t i n g  the  e l e c t r o n  f low. 

The  app l i ca t ion  of the  L a n g m u i r  p robe  t h e o r y  to the  a t m o s p h e r i c  
p l a s m a  f l a m e  gave  an i nd i ca t i on  of the  l o c a t i o n  of the  b lown a r c  wi th  
r e s p e c t  to t he  s t r e a m  c e n t e r l i n e .  With the  p r o b e  in the  o u t e r  p o r t i o n  of 
the  s t r e a m ,  a M a x w e l l i a n  d i s t r i b u t i o n  of e l e c t r o n s  was  noted .  H o w e v e r ,  
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as the  p r o b e  m o v e d  into the  s t r e a m ,  d e v i a t i o n  f r o m  the  M a x w e U i a n  
d i s t r i b u t i o n  b e c a m e  g r e a t e r .  If the  a r c  w e r e  not in e q u i l i b r i u m ,  it 
fo l lows that  the  p r o b e  was  not in an a r c  path at the  e x t r e m i t i e s  of the  
f l a m e  but i n t e r r u p t e d  t h e s e  paths  as it m o v e d  into t he  s t r e a m .  

When  Eq.  (AT) f r o m  Appendix  A was app l i ed  to the  da ta  in Fig .  
it was  obvious  that  

11, 

-- s (I) 
kT 

where-S- is the  s l o p e  of the  cu rve .  F r o m  th i s  a va lue  of T can  be c a l c u -  
l a t ed .  App l i ca t ion  of Eq. (1) to e a c h  c u r v e  in Fig .  11 r e s u l t e d  in 

Te, = 12,000°K 

Te= = 18,000°K 

Te, ~ 18,000°K 

w h e r e  Te~, Te~, and To, a r e  e l e c t r o n  t e m p e r a t u r e s  c a l c u l a t e d  f r o m  
c u r v e s  1, 2, and 3, r e s p e c t i v e l y .  T h e s e  va lue s  a r e  e l e c t r o n  t e m p e r a -  
t u r e s  and a r e  in c l o s e  a g r e e m e n t  wi th  gas  t e m p e r a t u r e s  found by the  
s p e c t r o m e t r i c  m e t h o d  (Ref. 2). If  it  is a s s u m e d  tha t  t he  L a n g m u i r  
p r o b e  da ta  y i e l d  e l e c t r o n  t e m p e r a t u r e s  that  a r e  n e a r l y  c o r r e c t ,  it 
a p p e a r s  tha t  the  s p e c t r o m e t r i c  m e t h o d  of t e m p e r a t u r e  m e a s u r e m e n t  
d e f i n ed  in Ref.  2 is  not a m e a s u r e m e n t  of gas t e m p e r a t u r e  but, b e c a u s e  
of  the  b lown a rc ,  is a m e a s u r e m e n t  of e l e c t r o n  t e m p e r a t u r e  in the  a r c  
channe l .  

It shou ld  be po in ted  out tha t  the  app l i ca t i on  of L a n g m u i r  p r o b e  
t h e o r y  to the  a t m o s p h e r i c  p l a s m a  f l a m e  is not c o m p l e t e l y  va l id .  The  
p r o b e  m e t h o d  r e q u i r e s  that  the  m e a n  f r e e  path of the  gas  m o l e c u l e s  be 
long  c o m p a r e d  wi th  the  p r o b e  d i a m e t e r  so  tha t  the  d i s t u r b i n g  e f fec t  of 
t h e  p r o b e  on the  p l a s m a  wi l l  be n e g l i g i b l e .  In the  a t m o s p h e r i c  f l a m e  
t h e  m e a n  f r e e  path  is s h o r t  c o m p a r e d  wi th  the  p r o b e  d i ame te r (A  ~ 10 eml. 
T h e r e f o r e ,  e r r o r  m i g h t  wel l  be e n c o u n t e r e d  wi th  th i s  t e c h n i q u e .  How-  
e v e r ,  t he  r e s u l t s  of  t he  L a n g m u i r  p r o b e  m e t h o d  i m p l y  tha t  at the  gas  
s t r e a m  e x t r e m i t i e s  t h e r e  is l i t t l e  d i s t u r b i n g  e f fec t  by the  p robe ,  and the  
m e t h o d  is usefu l  in de f in ing  the  l o c a t i o n  of an a r c  channe l .  

The  f inal  p roo f  of the  va l id i ty  of the  h y p o t h e s i s  in Fig .  4a l i e s  in the  
i n c r e a s e d  gas  f low e x p e r i m e n t .  R e f e r e n c e  2 s h o w e d  that ,  as  t h e  gas  
flow to the  p l a s m a  g e n e r a t o r  was  i n c r e a s e d ,  the  to ta l  e l e c t r i c  c u r r e n t  
d e c r e a s e d .  T h e r e f o r e ,  when  it was  found that  t he  p r o b e  c u r r e n t  ac tua l ly  
i n c r e a s e d  as the  gas  f low i n c r e a s e d  and to ta l  c u r r e n t  d e c r e a s e d ,  t he  only  
exp l ana t i on  was that  m o r e  a r c s  w e r e  be ing  blown ou t s i de  the  o r i f i c e .  
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LOW PRESSURE 

B e f o r e  d i s c u s s i n g  the  r e s u l t s  of the  e x p e r i m e n t  at low p r e s s u r e ,  
c e r t a i n  o b s e r v a t i o n s  m u s t  be m a d e .  The  f i r s t  c o n c e r n s  t he  r e l a t i v e  
i n t e n s i t y  of the  expanded  f l a m e  as c o m p a r e d  with the  a t m o s p h e r i c  f l a m e  
o r  t h e  hot c o r e  of  t he  a l t i t ude  f l a m e .  At a t m o s p h e r i c  p r e s s u r e  the  b r i l -  
l i an t  b lu i sh  p l a s m a  f l a m e  is of s u c h  h igh  i n t e n s i t y  that  o b s e r v a t i o n s  wi th  
the  naked  eye  a r e  i m p o s s i b l e .  H o w e v e r ,  the  expanded  f l a m e  is of r e l a -  
t i v e l y  low i n t e n s i t y  to the  eye ,  l igh t  r e d  in co lo r ,  and p a r t i a l l y  t r a n s -  
p a r e n t .  Th i s  l e a d s  to the  p r e l i m i n a r y  c o n c l u s i o n  tha t  in the  e x p a n d e d  
s e c t i o n  the  b lown a r c  does  not ex i s t .  The  s e c o n d  o b s e r v a t i o n  r e f e r s  to 
tha t  s e c t i o n  c a l l e d  the  hot c o r e  (Fig.  14). The  b lown a rc  m i g h t  we l l  be  
e s t a b l i s h e d  in th i s  s e c t i o n  b e c a u s e  of the  e x t r e m e l y  h igh  l ight  i n t e n s i t y  
p r e s e n t .  T h e r e f o r e ,  for  t e s t i n g  at low p r e s s u r e  two p a r t s  of the  f l a m e  
m u s t  be  d i s c u s s e d ,  t he  hot c o r e  and the  e x p a n d e d  f l ame .  

The  r e s u l t s  of the  c u r r e n t  p r o b e  s t u d i e s  i n d i c a t e d  that  t he  e x p a n d e d  
p l a s m a  f l a m e  b e h a v e d  as a h igh ly  c o n d u c t i v e  m e d i u m  but d id  not b e h a v e  
as an a r c  would  be e x p e c t e d  to.  Th i s  was  shown by the  v e r y  n e a r l y  con-  
s t an t  c u r r e n t  that  could  be d e t e c t e d  when  the  p r o b e  in Fig .  3b was  p l a c e d  
a n y w h e r e  in the  s t r e a m .  Also ,  the  v e r y  s m a l l  c u r r e n t  tha t  could  be 
d e t e c t e d  wi th  t he  p r o b e  in Fig .  3a i n d i c a t e d  tha t  a r c  c u r r e n t s  w e r e  
p r o b a b l y  not  p r e s e n t .  H o w e v e r ,  when  the  p r o b e  was i n s e r t e d  in the  hot  
c o r e  of t he  je t ,  h igh  c u r r e n t s  cou ld  be m e a s u r e d  jus t  as in the  c a s e  of 
the  a t m o s p h e r i c  j e t .  

App l i ca t i on  of the  double  p r o b e  t e c h n i q u e ,  S c h e m a t i c  VI, to the  
e x p a n d e d  f l a m e  gave  even  m o r e  suppo r t  to the  t h e o r y  tha t  the  blown a r c  
is c o n t a i n e d  only  in t he  hot c o r e .  When  the  double  p r o b e  t r a v e r s e d  the  
e x p a n d e d  f l a m e  (ou t s ide  the  hot co re ) ,  the  po ten t i a l  b e t w e e n  the  p r o b e s  
(F ig .  15) was  a lways  in the  s a m e  d i r e c t i o n ,  away f r o m  the  o r i f i c e ,  and 
i n c r e a s e d  as t he  p r o b e  was  m o v e d  t o w a r d  the  e x t r e m i t i e s  of the  f l a m e .  
Data  w e r e  o b t a i n e d  at p l a n e s  of m e a s u r e m e n t  one inch  apa r t  up to a d i s -  
t a n c e  of 10 in. d o w n s t r e a m .  In e v e r y  c a s e ,  t he  da ta  w e r e  s i m i l a r  to the  
t yp i ca l  da ta  shown  in F ig .  6. A r e v e r s a l  of po t en t i a l  d rop  could  not be 
d e t e c t e d  at any point  in the  expanded  f l a m e .  

It r e m a i n s  to exp la in  why, if  the  double  p r o b e  is not i n t e r r u p t i n g  
a r c  pa ths ,  the  two p r o b e s  have  a d i f f e r e n c e  of po ten t i a l .  R e c o m b i n a t i o n  
of  the  gas  c o m p o n e n t s  o c c u r s  as they  m o v e  d o w n s t r e a m .  T h e r e f o r e ,  
m o v i n g  d o w n s t r e a m  t h e r e  is a l o s s  of to ta l  po t en t i a l  e n e r g y  of any c r o s s  
s e c t i o n  of the  s t r e a m .  B e c a u s e  t he  e l e c t r o n s  have  a m u c h  h i g h e r  
m o b i l i t y  than  t he  ions and n e u t r a l  a t o m s ,  the  c u r r e n t  t h r o u g h  the  v o l t -  
age  m e a s u r i n g  d e v i c e  is e l e c t r o n  c u r r e n t ,  and t h e r e  a r e  m o r e  e l e c t r o n s  
i m p i n g i n g  on the  u p s t r e a m  p r o b e  than  on the  d o w n s t r e a m  p robe .  Thus  
t h e r e  is  a d i f f e r e n c e  of po ten t i a l  b e t w e e n  the  p r o b e s .  
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When the  double  p r o b e  was p a s s e d  t h r o u g h  the  hot c o r e  of t he  ex-  
panded  je t ,  it  was  found that  the  p o l a r i t y  r e v e r s e d  m a n y  t i m e s ,  an 
i n d i c a t i o n  that  the  b lown a r c  e x i s t e d  in the  hot c o r e  but was not  b lown 
any f a r t h e r  d o w n s t r e a m  in the  expanded  je t  than  in the  a t m o s p h e r i c  j e t .  

T he  L a n g m u i r  p robe  c i r cu i t ,  when app l i ed  to  the  low p r e s s u r e  
p l a s m a  je t ,  was  of p r i m e  i n t e r e s t .  At a t e s t  ce l l  p r e s s u r e  of  0.55 m m  Hg0 
the  m e a n  f r e e  path  of the  ~as c o m p o n e n t s  was  a p p r o x i m a t e l y  equa l  to the  
e f f ec t i ve  p r o b e  d i a m e t e r  (~ = 0.6 cm), and t h e r e f o r e  the  d i s t u r b i n g  e f fec t  
of the  p r o b e  was  s m a l l .  When the  p r o b e  was i m m e r s e d  in the  hot c o r e  
at the  o r i f i c e  exit ,  the  da ta  (Fig .  17, Curve  1) w e r e  not in a g r e e m e n t  
wi th  the  t h e o r y ,  and the  d e v i a t i o n  f r o m  a Maxwe lUan  d i s t r i b u t i o n  i n d i -  
c a t e d  n o n e q u i l i b r i u m  o r  blown a r c s .  The  e l e c t r o n  t e m p e r a t u r e  c a l c u -  
l a t e d  f r o m  th i s  c u r v e  was 37, 800°K, wh ich  is  not a r e a s o n a b l e  va lue  for  
the  e l e c t r o n  t e m p e r a t u r e  of an e q u i l i b r i u m  gas .  At a p o s i t i o n  4 in. down-  
s t r e a m ,  the  da ta  (F ig .  17, Curve  2) a g r e e d  v e r y  we l l  wi th  t h e o r y  and  
y i e l d e d  an e l e c t r o n  t e m p e r a t u r e  of  9, 300°K. C u r v e  3, a l though  t a k e n  
4 in. d o w n s t r e a m ,  was  at f l a m e  edge .  H e r e  aga in  the  r e s u l t  was  un-  
s t ab le ,  and a Maxwe l l i an  d i s t r i b u t i o n  of e l e c t r o n s  could  not be  e s t a b -  
l i s h e d ;  the  t e m p e r a t u r e  c a l c u l a t i o n  gave  14, 600°K. The  p r o b e  in the  
s t r e a m  c e n t e r  6 in. d o w n s t r e a m  y i e l d e d  good data ,  and an e l e c t r o n  
t e m p e r a t u r e  of 6, 500°K was c a l c u l a t e d .  F r o m  th i s  it was  c o n c l u d e d  that  
the  L a n g m u i r  p r o b e  in the  expanded  s t r e a m  wil l  de f ine  the  a r e a s  w h e r e  
the  e l e c t r o n s  have  a Maxwe lUan  d i s t r i b u t i o n  and the  a r e a s  of n o n e q u i l i b -  
r i u m  blown a r c s .  

CONCLUSIONS 

ATMOSPHERIC PRESSURE 

T he  add i t ion  of e n e r g y  to the  gas  s t r e a m  in the  G e r d i e n - t y p e  p lasma" 
g e n e r a t o r  is not, in i t se l f ,  an e q u i l i b r i u m  p r o c e s s .  F o r  the  gas  s t r e a m  
to a c h i e v e  an e q u i l i b r i u m  condi t ion ,  it m u s t  be out of the  a r e a  of  e n e r g y  
add i t ion .  In the  d - c  a r c - e x c i t e d  p l a s m a  g e n e r a t o r  at A r n o l d  C e n t e r ,  t he  
a r c  is b lown ou t s i de  the  o r i f i c e  (when exhaus t i ng  to a t m o s p h e r e ) ;  thus  
pa r t  of the  add i t ion  of e n e r g y  to the  gas  t a k e s  p l a c e  ou t s ide  the  o r i f i c e .  
The  o b s e r v e d  p l a s m a  f l a m e  is  in r ea l i t y ,  then ,  the  e n v e l o p e  of m a n y  
b lown a r c s .  S ince  the  blown a r c s  c o n t r i b u ~  m o s t  of t he  e l e c t r o m a g -  
ne t i c  r a d i a t i o n  f r o m  the  f l ame ,  e q u i l i b r i u m  d e p e n d e n t  m e t h o d s  of t e m -  
p e r a t u r e  m e a s u r e m e n t  us ing  th i s  r a d i a t i o n  would be in e r r o r .  
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0 

LOW PRESSURE 

The p l a s m a  g e n e r a t o r  exhaust ing to low p r e s s u r e  p roduces  the ex-  
panded f lame and a hot core .  The hot co re  is "the blown a r c  envelope 
and is a nonequ i l ib r ium a rc  d i s cha rge  v e r y  s i m i l a r  to the a t m o s p h e r i c  
je t .  The expanded f lame (or  ionized gas s t r e a m )  is in the inne r  par t ,  
p robab ly  in equi l ib r ium,  and c u r r e n t - f r e e  in the e l e c t r i c a l  s ense .  ~There 
is a flow of high ene rgy  e l ec t rons  in the expanded s t r e a m  which is the 
r e s u l t  *of co l l i s ions  and ioniza t ion .but  no c u r r e n t  flow caused  by an e l ec -  
t r i c  p ~ n t l a L .  " - ' ~  

The s tudies  made  ut i l iz ing  the  t heo ry  se t  fo r th  by Langmui r  show 
that  t he r e  ex is t s  a MaxwelUan d i s t r ibu t ion  of e l e c t r o n  ve loc i t i e s  in the 
expanded f lame and th is  in fe r s  the poss ib i l i t y  of equ i l ib r ium.  The ex- 
panded f lame should t h e r e f o r e  s e r v e  well  for  s tudies  into the k ine t ics  
of hot gases .  

REFERENCES 

1. McGregor ,  W. K. ,  Ehr l i ch ,  J .  J . ,  and Dooley, M. T. " P e r f o r m -  
ance of a D-C A r c - E x c i t e d  P l a s m a  Gene ra to r .  " 
AEDC-TN-60-112 ,  August 1960. 

2. McGregor ,  W. K. and Dooley, M. T. "Spec t roscop ic  Diagnos t ics  
of a Ge rd i en -Type  P l a s m a  S t r e a m  Using A r g o n . "  The Four th  
Sympos ium on T e m p e r a t u r e ,  I ts M e a s u r e m e n t  and Contro l  in 
Science and Indus t ry ,  Columbus,  Ohio, March  1961. 

3. Dooley, M. T. and  McGregor ,  W. K. "Ca lcu la t ion  of the Radia l  
Dis t r ibu t ion  of the Densi ty  Dependent P r o p e r t i e s  in an A x i s y m -  
m e t r i c  Gas S t r e a m . "  AEDC-TN-60-216 ,  May 1961. 

4. Olsen,  H. N. " T h e r m a l  and E l e c t r i c a l  P r o p e r t i e s  of an Argon 
P l a s m a .  " The P h y s i c s  of Fluids ,  Vol. 2, p. 614-623, 
December  1959. 

5. Korolev,  F. A. and Kvara t skhe l i ,  Iu. K. "The  P l a s m a t r o n  as a 
Light  Source  for  Spec t roscopy .  " Optics and Spec t roscopy ,  
Vol. X, No. 3. March  1961. 

6. P e a r c e ,  Wi l l a rd  J .  " P l a s m a  Je t  T e m p e r a t u r e  M e a s u r e m e n t .  " 
Optical  S p e c t r o m e t r i c  M e a s u r e m e n t s  of High T e m p e r a t u r e s .  
The Un ive r s i t y  of Chicago P r e s s ,  1961. 

26 



AEDC-TR.61.13 

7. Dicke rman~  P .  J .  and M o r r i s ,  J .  C. " E x p e r i m e n t a l  S tud ie s  of the  
T e m p e r a t u r e  in  a F i e l d - F r e e  P l a s m a . "  Opt ica l  S p e c t r o m e t r i c  

• ." : M e a s u r e m e n t s  of High  T e m p e r a t u r e s .  The  U n i v e r s i t y  of 
• ' . Ch icago  P r e s s ,  1961. 

8...  T e s t  F a c i l i t i e s  Handbook,  (3rd  Edi t ion) .  " R o c k e t  T e s t  Fac i l i ty~  
Vol.  2 . "  Ar no ld  C e n t e r ,  J a n u a r y  1961. 

9. Loeb ,  L e o n a r d  B. F u n d a m e n t a l  P r o c e s s e s  of E l e c t r i c a l  D i s c h a r g e  
. in  G a s e s .  John  Wi ley ,  New York ,  D e c e m b e r  194'7. 

Langmui r0  I. and M o t t - S m i t h ,  H. '~Studies of E l e c t r i c  D i s c h a r g e s  
in G a s e s  at  Low P r e s s u r e s .  i, G e n e r a l  E l e c t r i c  Rev iew,  Vol .  27, 
1924. 

Knight ,  H. de B. The  A r c  D i s c h a r g e ;  I t s  A p p l i c a t i o n  to P o w e r  Con-  
t r o l .  C h a p m a n  and Hal l .  London,  1960. 

Leob,  L e o n a r d  B. B a s i c  P r o c e s s e s  of G a s e o u s  E l e c t r o n i c s .  
U n i v e r s i t y  of C a l i f o r n i a  P r e s s ,  B e r k e l e y ,  1960. 

F r a n c i s ,  Gordon .  " T h e  Glow D i s c h a r g e  at  Low P r e s s u r e .  11 Enc~ 'c lo-  
ped ia  of P h y s i c s ,  Vol.  XXII, Gas  D i s c h a r g e  II. S p r i n g e r - V e r l o g ,  
B e r l i n ,  1956. 

10. 

1 1 .  

12. 

13. 

27 



AEDC-TR-61-13 

APPENDIX A 

THEORY OF THE LANGMUIR PROBE 

If the  probe  in Fig.  A1 is cons ide red  to be i m m e r s e d  in the  p l a s m a  
between the anode and cathode of the gas d i s c h a r g e  tube (Refs.  9, 10, 11, 
12, and 13), the probe potent ia l ,  with r e s p e c t  to the  anode, can be v a r i e d  
f rom -VB/2 t o + V R / 2 ,  and the 
c o r r e s p o n d m g  probe  c u r r e n t  
can be m e a s u r e d .  The graph  
in Fig.  A2 is  an example  of the 
d i s t r i bu t ion  of e l e c t r i c  c u r r e n t  
to the  probe obtained when the 
probe  potent ia l  is va r i ed .  In 
the  r eg ion  "ab" of the curve  in 
Fig.  A2, the probe is a r e f l e c -  
t o r  of e l e c t r o n s ,  and a pos i t ive  
ion, s i ~ a c e - c h a r g e - l i m i t e d  c u r -  
r en t  flows to the probe.  At 
point b on the curve  the f a s t e r  
e l e c t r o n s  begin r each ing  the 
probe,  and as the probe poten-  
t i a l  d e c r e a s e s  s t i l l  f u r t he r  the 

/~GAS DISCHARGE TUBE 

/ 

~~ -PROBE 

Fig. A1 Gas Discharge Tube and Circuit 
for Probe Analysis 

ion c u r r e n t  to the probe d e c r e a s e s  unti l  at point c e l e c t r o n s  and ions a r e  
a r r i v i n g  at the probe  in equal  n u m b e r s .  At point d the probe is at p l a s m a  
potent ia l ,  and tota l  e l e c t ron  and ion c u r r e n t  is being co l lec ted .  T h e r e f o r e ,  
f r o m  the t heo ry  se t  for th  by L a n g m u i r  (Ref. 10) the sec t ion  of the  curve  
"bcd" m a y  give in fo rma t ion  as to the  d i s t r ibu t ion  of e l e c t ron  ve loc i t i e s  in 
the p l a s m a .  

~ f 

B/2 

. . . .  T - f  ,p 

Fig. A2 Variation in Probe Current with 
Changes in Probe Potential 

To show how the curve  "bcd" m a y  
give th is  in format ion ,  cons ide r  the 
fol lowing a rgument .  In an equ i l i b r ium 
s i tua t ion  (a Maxwel l ian  gas),  the  r a t io  
of the number  dens i ty  of p a r t i c l e s  in 
one r eg ion  to the  number  dens i ty  in 
another  reg ion  with a d i f f e rence  of 
potent ia l  be tween the two reg ions  is  
given by the MaxweU-Bol t zmann  d i s -  
t r ibu t ion ,  tha t  is ,  the equ i l i b r i um 
solut ion  of the Bo l t zmann  in t eg rod i f -  
f e r e n t i a l  equation,  

~___L = exp Z (A1) 
N, kT 

2 9  



AEDC-TR-61-13 

w h e r e  NI and N2 a r e  the  n u m b e r  d e n s i t y  of p a r t i c l e s  in e a c h  r eg ion ,  E is  
the  w o r k  r e q u i r e d  to m o v e  a p a r t i c l e  f r o m  one r e g i o n  to the  o the r ,  k is  
B o l t z m a n n ' s  c o n s t a n t ,  and T is  the  abso lu t e  t e m p e r a t u r e .  .Tf the  p a r t i c l e s  
a r e  c o n s i d e r e d  to be e l e c t r o n s  and the  p o t e n t i a l  be tween  the  r e g i o n  is  
V vo l t s  t hen  

E ffi - Ve (A2) 

and Eq. (A1) b e c o m e s  

N t e V  
N2 = exp  kT (A3) 

C u r r e n t  d e n s i t y  i s  g iven  by 

j = L = hey A (A4) 

w h e r e  I i s  the  c u r r e n t  in  a m p e r e s ,  A is  t he  c r o s s - s e c t i o n a l  a r e a  of the  
conduc to r ,  n is  the  n u m b e r  d e n s i t y  of e l e c t r o n s ,  e is  the  e l e c t r o n i c  
c h a r g e ,  .and v is  the  a v e r a g e  r a n d o m  e l e c t r o n  v e l o c i t y .  The  a p p l i c a t i o n  
of  Eq.  (A4) to Eq.  (A3) y i e l d s  

J, eV 
j ,  = e x p  kT (A5) 

and, if  Jl is  the  c u r r e n t  d e n s i t y  of the  p r o b e  and J, is  the  c u r r e n t  d e n s i t y  
of the  p l a s m a ,  t hen  

Jes ffi Jep exp eV kT (A6) 

If  the  n a t u r a l  l o g a r i t h m  of Eq. (A6) i s  t aken ,  the  r e s u l t  is  

[n J e s  = In J e p  + eV kT (AT) 

Equa t i on  (A7) p r o v i d e s  a m e a n s  by wh ich  the  e x i s t e n c e  of e q u i l i b r i u m  in 
t he  p l a s m a  can  be e s t a b l i s h e d .  C o n s i d e r  the  g r a p h  in  Fig .  A3. H e r e  

the  l o g a r i t h m  of p r o b e  c u r r e n t  
d e n s i t y  as  a func t ion  of p r o b e  
p o t e n t i a l  is  i l l u s t r a t e d  us ing  da ta  
f r o m  the c i r c u i t  shown in F ig .  A 1 .  
The  po in t s ,  bd ,  on the  t y p i c a l  
g r a p h  (F ig .  A3) c o r r e s p o n d  to the  
po in t s ,  bd ,  in F ig .  A2. T h e r e -  
fo re ,  s i n c e  in the  r e g i o n " b d "  the  
plot  is  a s t r a i g h t  l ine ,  Eq.  (AT) is  
s a t i s f i e d ,  and the  e x i s t e n c e  of a 
M a x w e l l i a n  d i s t r i b u t i o n  of e l e c -  
t r o n s  is  e s t a b l i s h e d .  

In Jes 

_ f 

- V  + V  

b d 

Fig. A3 Logarithm of Probe Current Density 
as a Function of Probe Potential 
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The  s l o p e  of the  c u r v e  in the  r e g i o n  "bd"  can  r e a d i l y  be m e a s u r e d .  
A l so  f r o m  Eq.  (AT) 

e -- S 
k T  e 

w h e r e  S is  t he  m e a s u r e d  s lope .  Th i s  a l lows  c a l c u l a t i o n  of the  e l e c t r o n  
t e m p e r a t u r e ,  Te, in tha t  the  va lues  of  the  cons t an t s  e and k a r e  known.  
F o r  a m o r e  c o m p l e t e  a n a l y s i s  of the  t h e o r y  of the  L a n g m u i r  p robe ,  s e e  
Refs .  10 and 12. 
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TABLE I 

DISTRIBUTION OF CURRENT IN PLASMA JET CIRCUIT WITH 
PROBE IMMERSED IN PLASMA STREAM 

AMMETER I A M M E T E R  AMMETERS AMMETER DI STANCE FROM 
1 2 1 + 2 3 O R I F I C E  EXIT .  i n .  

+0.5 amp +0.5 amp +0.5 amp +0,5 amp 

0 

8.00 

6.4O 

5. O0 

3.60 

2.30 

1.20 

0.80 

O. 60 

O. 30 

0,10 

O. 04 

179.0 

171.8 

175.0 

177.3 

179.2 

180.5 

181.0 

182.5 

182.5 

183.0 

183.2 

183.5 

1 7 9 . 0  

1 7 9 . 8  

1 8 1 . 4  

1 8 2 . 3  

1 8 2 . 8  

1 8 2 . 5  

1 8 2 . 2  

1 8 3 . 3  

1 8 3 . 1  

1 8 3 . 3  

1 8 3 . 3  

1 8 3 . 5 4  

174.0 

180.3 

181.4 

182.3 

182.6 

182.5 

181.9 

183.0 

182.6 

182.8 

182u9 

183~0 

0 .13  

0 .19  

O, 25 

0.31 

0 .38  

0 .44 

0 . 5 0  

0 .56  

0 .63  

O. 69 

O. 75 
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d~ m 

0 
-4 

o~ 

S t r e a m  
Edge 

1/4 
Into 

Stream 

1/8 ~/8 

56 

220 

C e n t e r  I000 Ii0 

TABLE 2* 

DISTRIBUTION OF CURRENT IN EXPANDED PLASMA FLAME 

2 1/8 3 1/8 4 1/8 5 1/8 6 1/8 

14 28 IO t 15 15 

120 80 IO0 t 65 58 

80 65 210t 100 75 

7 ] / s  s 1 /8  

1 0  8 

50 28 

60 40 

9 1 /8  

22  

34 

lO 1 /8  

4 3 

12 12 

22 

11 1 / 8  12 1 / 8  

2 

7 

18 14 

*The t a b l e  shows p r o b e  c u r r e n t  i n  m i l l i a m p e r e s  a s  a f u n c t i o n  o f  d i s t a n c e  d o w n s t r e a m  ( h o r i z o n t a l  
h e a d i n g s )  and p r o b e  p o s i t i o n  i n  t h e  g a s  s t r e a m  ( v e r t i c a l  h e a d i n g s ) .  
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TABLE 3 

DISTRIBUTION OF CURRENT IN PLASMA JET CIRCUIT AT 
LOW PRESSURE WITH PROBE IMMERSED IN PLASMA STREAM 

AMMETER 1 
+_0.5 amp 

4 . 0  

4 . 0  

3 . 8  

3 . 8  
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_+0.5 amp 
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+0.5 amp ±0.5 amp 
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Fig. 9 Oscilloscope Traces from Double Probe Immersed in Arc Discharge 
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Fig. 12 Photographs of Plasma Jet Operating with Different Orifice Electrode Polarities 



AEDC-TR.61.13 

Fig. 13 Photograph of Internal Arc of Plasma Jet 
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Fig. 14 Plasma Generator Exhausting to Low Pressure 
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a. Orifice Electrode Polarity Positive 

h. Orifice Electrode Polarity Negative 

Fig. 18 Photographs of Expanded Plasma Flame Operating 
with Different Orifice Electrode Polarities 
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